Gene therapy aims to deliver therapeutic genetic material in a safe and efficient manner to a target tissue, where it can accumulate to levels that afford maximal patient benefit. Replication-defective viral vectors have been the workhorse of gene therapy for cancer and other conditions. These vectors allow the efficient delivery of a variety of transgenes to target tissues and have demonstrated clear therapeutic benefit and safety in a variety of preclinical neoplastic animal models. Unfortunately, the tremendous promise of studies using replicationdefective viruses in preclinical models has not been translated into similar patient benefits in the clinical setting (1) (2) (3) . This shortfall may be due in large part to the one-dimensional nature of these approaches, asking for a successful therapeutic outcome against a highly complex biological target like a human tumor through the activity of a single gene. Therapeutic gene delivery needs to develop into a multidimensional system if it is to be successful in treating human cancers. A natural evolution of gene therapy is its incorporation into replication-selective oncolytic viruses, combining the antitumor properties of the viral infection with the action of the therapeutic proteins.
Oncolytic replication-selective viruses
For nearly a century, the idea of using replication-competent viruses to treat human cancer has been revisited with various viruses (4). However, only recently has our understanding of viral and cancer biology progressed to a stage where replication-selective tumor-specific viruses could be genetically engineered. To date, the viruses that have been administered in the clinical setting are derivatives of human adenovirus (Ad) (see Heise and Kirn, Here, I focus on these two viruses, mindful that many of the principles discussed here will have broad application in other developing biotherapeutic systems.
The treatment of human tumors with a replicationselective, transgene-expressing virus is a natural extension of virus-mediated gene delivery that, in theory, offers several potential advantages. The oncolytic virus is itself capable of lysing the infected tumor cell to eradicate or reduce the tumor mass. Importantly, replication leads to amplification of the input "dose" of the virus, and these progeny viruses are released by virusmediated lysis of the infected cell to spread and infect surrounding cells. This self-perpetuating treatment continues until the host immune response and/or susceptible cells become limiting (Figure 1 ). Substantial tumor specificity can be achieved by careful genetic engineering of the viral genome to develop viruses that selectively replicate in cancer cells. For example, ONYX-015 is a replication-selective Ad lacking a viral gene, E1B-55K, whose product is required to inactivate the cellular tumor suppressor p53 (7) (8) (9) (10) . This virus replicates in and preferentially lyses tumor cells that lack functional p53. An additional benefit of this approach is that virus-mediated lysis of neoplastic cells then frees tumor antigens and should supply dendritic cells and T cells with various signals necessary for immune recognition (11) , thus augmenting the development of systemic antitumoral immunity (12) .
Advantages of selectively replicating viral systems for gene delivery
In addition to their oncolytic capabilities, replicating viruses can deliver therapeutic transgenes to enhance the probability of tumor eradication through multiple avenues of attack. As in replication-defective viruses, transgene expression from these replicating agents can be controlled by constitutive, inducible, or cell type-selective transcriptional control elements. Unlike replication-defective viruses, however, replication-selective viral systems can also employ endogenous viral gene expression control signals (promoter/enhancer, polyadenylation, and splice signals) for transgene expression. Eliminating the need for exogenous promoters and polyadenylation signals is an economical use of the limited transgene capacity afforded a replicating viral agent; it is especially advantageous in working with human Ad, whose virion can only stably package up to 105% of the wild-type viral genome, or approximately 1.8 kilobase pair (kbp) (13) . Using endogenous viral promoters may also allow more predictable and controlled transgene expression. Tumor-specific promoters have been used to impose selectivity on replication-selective oncolytic viruses by controlling genes expressed immediately after infection (14) , but viruses modify infected cells in many ways to maximize viral replication. How these modifications might affect the exogenous promoters through the course of the viral life cycle is largely unknown. In contrast to foreign or exogenous promoters, the promoters of the replicating agent are optimized for expression in the infected cell. Viral gene expression during the lytic phase of the viral life cycles of both HSV and Ad is highly regulated and can be broadly classified into three serially activated phases: immediate-early (IE), early (E), and late (L). Based on the expression of endogenous viral genes, it may be possible to predict the expression kinetics (timing and expression levels) of the transgene(s) carried by the replicating agent. Furthermore, when multiple transgenes are inserted into a single virus, their expression may be orchestrated to occur simultaneously or serially, at levels that will maximize their therapeutic benefit. Expressing transgenes serially, at different times in the viral lytic cycle, is of greatest value early in treatment when the infection may be more synchronized. As a viral infection spreads and encounters a heterogeneous tumor cell mass, it will likely become asynchronous, although the relative expression of different transgenes may still be maintained. With its longer life cycle and more widely spaced periods of IE, E, and L protein expression, Ad may be better suited than HSV for the serial expression of transgenes.
Endogenous viral promoters can also be used to restrict transgene expression to tumor cells. Thus, if the early events of viral infection -attachment, penetration, IE, or E expression -can be restricted to tumor cells, normal cells will not support viral DNA replication and will not be lysed. Similarly, substituting a therapeutic transgene for a late gene that depends on viral DNA replication for expression should restrict transgene expression to productively infected tumor cells.
Transgene delivery from replication-selective oncolytic viruses
The use of replication-selective viruses to deliver therapeutic genes is a natural extension of current virusbased replication-defective vectors. Recombinant viruses of this type, armed therapeutic viruses (ATVs), offer several advantages for the treatment of cancer, as summarized in Figure 1 . While the ATV concept is in its infancy, it represents an important evolution in virusbased cancer therapies that may find practical application in the clinical setting. Several groups have coupled genetically engineered oncolytic viruses with a prodrug-converting enzyme (Springer and Niculescu-Duvaz, this Perspective series, ref. 15 ). These enzymes convert nontoxic prodrugs into cytotoxic metabolites, many of which are soluble and can act at a distance from the prodrug enzyme-expressing cell. This approach takes advantage of the tumor specificity of the virus to concentrate the prodrug-converting enzyme activity to the area of the infected tumor cell while minimizing exposure and damage to normal cells. Because many of the activated prodrugs target DNA replication either directly or indirectly, the administration schedule of the prodrug will likely need to be optimized to ensure that viral replication is maintained, if the additive effects of viral lysis and chemotherapy are to be realized. Dosing regimens that could be used to control or eradicate the viral infection should also be devised, in case other mechanisms for controlling viral infection (Martuza, this Perspective series, ref. 6) prove inadequate.
Examples of prodrug-converting enzymes expressed in replicating oncolytic human Ad include thymidine kinase (TK) and a chimeric fusion of TK and cytosine deaminase (CD) (16) (17) (18) . In both cases, the constitutively active human cytomegalovirus enhancer-promoter was used to drive transgene expression from tumor-selective, E1B-55K-deleted viruses (7, 8) . These viruses validated a number of concepts that support the use of therapeutic transgenes in a replication-selective virus. First, viral replication and spread amplifies the expression of therapeutic protein, with up to a 2000-fold increase in enzymatic activity relative to the replication-defective virus. Second, the dosing regimen of the prodrug significantly influences the efficacy of the treatment. Allowing viral replication to occur by administering the prodrug at day 3 instead of day 1 after infection resulted in a significant increase in animal survival and long-term cures. Finally, this replication-competent virus is indeed susceptible to prodrugactivated chemotherapy, confirming that this therapy could be used to control a viral infection.
Insertion of the "double suicide" CD/TK fusion gene into human Ad extended the concept of creating a multimodal cancer therapy from a single agent. When fused together, these prodrug-converting enzymes were shown to be functional and superior to either single agent alone (19, 20) . Interestingly, Freytag and colleagues (18) showed that double suicide gene therapy also sensitized cells to the toxic effects of radiation. Most recently, a trimodal approach (lytic virus, double suicide gene therapy, and radiation) was found to be superior to any other combination, as measured by tumor growth delay and cure rate. In this regimen, prodrug dosing was an important factor (21) .
Suicide genes have also been incorporated into the replication-selective oncolytic HSV. The HSV mutant rRp450 uses the endogenous viral ICP6 promoter to drive transgene expression of the rat prodrug-converting gene CYP2B1 (22) . In this work, the CYP2B1 gene was inserted into the HSV genome, replacing the HSV ribonucleotide reductase (Hsrr) gene. The deletion of Hsrr limits efficient viral replication to cancer cells (or, potentially, other cells with elevated levels of ribonucleotide reductase activity) and, hence, is responsible for tumor selectivity. CYP2B1 is a member of the cytochrome P450 family that converts the prodrug cyclophosphamide (CPA) into the active metabolite phosphoramide mustard. The addition of CPA had minimal effects on the productive viral infection but enhanced the antitumoral effects of the virus. This virus also retains its endogenous TK gene, another prodrug-converting enzyme whose active metabolite displays pharmacological synergy with CPA treatment (23) . Interestingly, the TK activity did not show antitumor synergy with the virus alone (23, 24) .
The immunostimulatory genes (see Agha-Mohammadi and Lotze, this Perspective series, refs. 25 and 26) IL4 and IL12 have also been introduced into replication-selective oncolytic HSVs in an attempt to couple the lytic properties of the virus to antitumor immune response of the host. In both cases, these genes were under the transcriptional control of the early-growth response-1 promoter and their insertion eliminated both copies of the γ34.5 genes, which are required for neurovirulence by HSV (ref. 27; see also Martuza, this Perspective series, ref. 6). Initially IL-4 was chosen, based on its ability to stimulate both macrophage and CD8 T-cell proliferation (28) . More recently, Parker et al. (29) incorporated the gene for IL-12 into a replication-competent HSV in order to direct this cytokine to brain tumors. IL-12 promotes cytolytic activity of natural killer cells and cytotoxic T lymphocytes, stimulates Th1 immune responses, and blocks angiogenesis. Both viruses enhanced antitumor activity and animal survival compared with control γ34.5-deficient viruses, and immunohistochemical analysis revealed an influx of inflammatory cells marked by CD4 + and CD8 + lymphocytes and macrophages, supporting the possibility of a role for these cytokines in tumor suppression. As was the case for the suicide gene-containing viruses, adding these immune stimulatory effects could be detrimental to the virus; optimization of expression levels and timing will likely be required to achieve maximal therapeutic benefit.
In many of the replication-selective viruses mentioned, tumor specificity is derived from the deletion of viral genes. It is probable that the deletion of any viral protein will reduce viral virulence in vivo. An interesting twist on gene delivery is the selective restoration of a deleted "virulence" gene in the target neoplastic cell, using a tumor-specific promoter. G207, a recombinant HSV in clinical trials, is a double mutant, with deletions of both copies of γ34.5 and an insertional mutation in the Hsrr gene (ref. 30 ; see also Martuza, this Perspective series, ref. 6). To enhance the potency of a similar double mutant virus, MGH1 (31), the γ34.5 gene was reintroduced into the viral genome under the control of the promoter from the cell cycle-regulated cellular gene B-myb. This virus, Myb34.5, maintained the neuroattenuation seen with other γ34.5 deletion strains but showed improved efficacy toward the target tumor, compared with the parental double mutant virus (32) . This virus represents a unique example of enhancing oncolytic potential through the controlled expression of an endogenous virulence factor.
Selection of transgene insertion sites
To date, transgenes have been inserted into areas of the viral genome that have been deleted or inactivated to confer selectivity to the viral infection. Future work may determine whether other sites might be optimal for transgene insertions. Both human Ad and HSV carry genes that are not essential for viral replication in vitro. Although these genes have been viewed as appropriate transgene insertion sites, they may well have important roles in vivo. Indeed, successful viral DNA packaging is limited by the genome size, creating a strong evolutionary pressure for the virus to retain only genes that allow for optimal viral infection and replication. For example, some of the apparently dispensable genes in the E3 region of human Ad (33-36) encode immunoregulatory proteins that allow the virus to evade immune-mediated clearance (37) and establish persistent infections (38) .
Regions of the viral genome thought to be nonessential based on in vitro work will need to be carefully examined for potential roles in vivo before being used as therapeutic transgene insertion sites. Since the lytic function of the virus is crucial to maximizing antitumor efficacy, it would seem prudent to maintain immunoregulatory genes that have evolved to enable the virus to persist in the face of immune responses. Recent work demonstrating that an intact E3 region enhanced the antitumoral efficacy of a replication-selective virus appears to support this hypothesis (39) . However, the E3 region includes multiple genes and might still serve as a site for transgene insertion once the genes responsible for this enhanced efficacy are better understood. In addition, whether an enhanced immune response is a desirable addition to the treatment should guide the decision to delete or to retain such immunoregulatory genes. The nature of the therapeutic transgene to be inserted, the design of the vector, and the dose and route of the recombinant virus administered will doubtless figure in this decision.
